Abstracts: Based on the non-equilibrium molecular dynamics simulations, we have studied the thermal conductivities of a novel ultra-thin one-dimensional carbon nanomaterial -diamond nanothread (DNT). Unlike single-wall carbon nanotube (CNT), the existence of the Stone-Wales transformations in DNT endows it with richer thermal transport characteristics. There is a transition from wave-dominated to particle-dominated transport region, which depends on the length of poly-benzene rings. However, independent of the transport region, strong length dependence in thermal conductivity is observed in DNTs with different lengths of poly-benzene ring.
Introduction
Carbon-based nanomaterials, such as zero-dimensional (0D) fullerene C 60 , onedimensional (1D) carbon nanotube (CNT), and two-dimensional (2D) graphene, have attracted great interests from the scientific and engineering communities since their first discovery [1, 2] . Take the 1D CNTs for example, their unprecedented properties have made them ideal building blocks for composite materials, thin films and nanoelectromechanical systems. Researchers reported that CNT-based mechanical resonators have a quality factor as high as 5 million [1] . Diverse commercial products incorporating bulk CNT powders ranging from rechargeable batteries, automotive parts and sporting goods have already emerged [3] .
The fundamental properties of CNTs are determined by their diameter and charity.
Many studies have shown that thin CNTs possess superior property over those with larger diameters. For instance, a sharp reduction in the elastic bending modulus (from 1 to 0.1 TPa) of CNTs is found when the CNT's diameter increases from 8 to 40 nm [4] . Also, ultra-thin CNTs are reported to show much higher carrier mobility [5] and exhibit superconductivity at temperature below 20 K [6] . The reported successful synthesis of ultra-thin CNTs including (2, 2) , (3, 1) and (4,0) CNTs [7, 8] . Along with efforts to synthesize ultra-thin CNTs, a recent study reported the synthesis of a new ultra-thin CNT analogue (through solid-state reaction of benzene under highpressure), termed as diamond nanothread (DNT) [9] . The DNT is a close-packed sp 3 - bonded carbon structure, with carbon atoms arranged in a diamond-like tetrahedral motif (see Figure 1 ). According to the experimental and modeling works, the DNTs can be regarded as hydrogenated (3, 0) CNTs connected with Stone-Wales (SW)
transformation (see inset of Figure 1a ) [10] . The distributed SW transformation interrupts the central hollow of the structure, differentiating DNTs from CNTs. Owing to their intrinsic structure, DNTs are envisioned to possess good load transfer rate through covalent bonding, thus allowing for technological exploitation in nanobundles or fabrics. A recent in silico studies show that the DNT has excellent mechanical properties [11] , namely, stiffness of about 850 GPa, elongation to failure of 14.9%, and bending rigidity of about 5.35 × 10 -28 N·m 2 .
Thermal transport in carbon nanostructures has been a research focus in past decade.
Different experimental and theoretical works have been conducted to study the phonon transport mechanism in 1D carbon nanotubes and 2D graphene [12] [13] [14] [15] [16] [17] [18] .
Length dependent thermal conductivity in CNT has been predicted by molecular dynamics simulations [19, 20] and then observed experimentally [21] . The physical connection between energy super-diffusion and thermal conduction is responsible to this length dependence [22] . It was demonstrated that in carbon nanotube, the thermal conductivity is dominated by phonons at all temperatures [23] . Kim et al measured the thermal conductivity of a single CNT and found that its room temperature thermal conductivity was larger than 3000 W/ mK [24] . Various effects on thermal conductivity of CNT, such as diameter [20] , isotopic doping [20, 25] , atom substitutional impurities [26] , surface chemisorbed molecules [27] , vacancies and Stone-Wales (SW) defect [28, 29] , have been systematically explored. As a new type of 1D carbon nanomaterial, it is of great interest to know how the thermal transport properties of DNT differ from those of CNT. Thus, large-scale nonequilibrium molecular dynamics (NEMD) simulations were employed to probe the thermal transport properties of DNTs. In the next section, we introduce the computational methods and also DNT models adopted. This is followed by the determination of the thermal properties of the DNT, including their scaling characteristics, length dependence, and temperature effects. Finally, the key findings of this work are summarized.
Computational Methods
The DNT model was established based on recent experimental observations and first principle calculations [9] . Different DNT models were achieved by varying the number of poly-benzene rings between two adjacent Stone-Wales (SW)
transformations. The C-C and C-H atomic interactions were modeled by the widely used adaptive intermolecular reactive empirical bond order (AIREBO) potential [30] .
It has been shown to well represent the binding energy and elastic properties of carbon materials. The DNT models were firstly optimized by the conjugate gradient minimization method and then equilibrated using Nose-Hoover thermostat [31, 32] under ambient conditions for 4000 ps (i.e., at temperature of 300 K and pressure of 1 atm). Periodic boundary conditions were applied along the length direction during the relaxation process.
As illustrated in Figure 1a , the poly-benzene rings in the DNT segments are connected by SW transformations. A DNT unit cell with n poly-benzene rings between two adjacent SW transformations is denoted by DNT-n, e.g., DNT-8 has eight polybenzene rings with a length approximating 4 nm (Figure 1a ). Initial calculations show that the potential energy per carbon atom decreases sharply when n increases from 2 to 8, and converges to the value for the carbon atom in a hydrogenated (3,0) CNT (Figure 1b) . Such results indicate that adding more SW transformations to the DNT structure of a given length would increase the total system potential energy, and thus reduce its stability. Therefore, following a previous study [33] , the minimum number of the poly-benzene rings within in a DNT unit considered herein is 8 to ensure the stability of the structure. Non-equilibrium molecular dynamics (NEMD) simulations were employed to calculate the thermal conductivity (κ) of the DNT at 300 K. After attaining the fully relaxed configuration, the model was firstly switched to non-periodic boundary condition. The two ends of the sample were fixed with two adjacent regions being set as the heat source and sink, respectively. The temperatures of the heat source and sink were kept at 310 and 290 K respectively by using the Langevin thermostat [34] . The system was firstly simulated for 20 ns to arrive a steady state, and continued to another 20 ns for the thermal conductivity calculation. To ensure reliable calculations, κ is calculated at time intervals of 2.5 ns and averaged over 20 ns. All the MD simulations were performed using the software package LAMMPS [35] with a small time step of 0.5 fs. 
Results And Discussions

Thermal transport properties of DNT
Here, / Q A t Δ is the heat flux with Q as the energy change, A as the cross-sectional area and Δt as the time interval. The whole DNT is approximated as a solid cylinder with a diameter of 0.5 nm (the approximate distance between exterior surface hydrogens), same as used previously by Roman et al [33] . Additionally, we should note that the DOS is largely determined by the employed potentials in MD simulation. For the studied system with sp 3 C-C bond, the recently developed ReaxFF potential [41] is also applicable. Our calculations reveal that the obtained radial distribution function (RDF) between ReaxFF and AIREBO potential are consistent with each other (Figure 4a) , and a similar DOS pattern was obtained from ReaxFF potential (though the new phonon peak is around 100 THz, see Figure   4b ). Considering that the thermal conductivities for most of CNT-related structures are derived from AIREBO potential so far, and the ReaxFF potential usually consumes huge computational resources, all our following simulations will use this potential. Also, we will emphasize the relative or normalized thermal conductivities of different DNTs, rather than their absolute values.
Figure 4
Comparisons of (a) the RDF and (b) the DOS obtained from DNT-8 using AIREBO and ReaxFF potentials.
Scaling behaviour
The mismatch of the DOS (Figure 2b ) between the section of the poly-benzene rings and SW transformation in the DNTs indicates phonon scattering at the SW region, which induces the abrupt temperature drop. To further explore this phenomenon, we compared the estimated thermal conductivities of DNTs with different sample lengths (L = 24, 31, and 41 nm) and comprised by different constituent units (Figure 5a ).
Generally, the thermal conductivity increases as the sample length L increases, irrespective of the number of poly-benzene rings. In particular, for a given sample length, as the number of poly-benzene rings increases, the estimated thermal conductivity initially decreases for smaller n, and then undergoes a relatively smooth increase. The most striking feature is the existence of a minimum in the thermal conductivity, which appears when n is around 10, independent of the sample length.
Similar phenomena have also been observed in thin-film [42] , nanowire [43] and superlattices [44, 45] . These have been explained from different perspectives. In line with the observations reported for graphene/h-BN superlattices [44] , we obtain a single curve after normalizing the results by the minimum thermal conductivity, signifying a consistent scaling behaviour. Such behaviour can be explained from the perspective of the phonon coherence length as popularly adopted to analyse the thermal transport properties in superlattices. Generally, the minimum thermal conductivity occurs at a transition from wave-dominated to particle-dominated transport region [44] . That is, the phonon coherence length of the studied DNT corresponds to the length of a unit of DNT-n, with n around 10 (see Figure 5b ). In the left domain (n < ~ 10), phonon transport is largely dominated by wave effects including constructive and destructive interferences arising from interfacial modulation. While, in the right region, phonon waves lose their coherence and transport is more particle-like. for the one longitudinal and two transverse branches, respectively [47] . Specifically, the sound velocity can be calculated from
respectively, based on the elastic Lame's constants λ , µ , and the mass density ρ [48] . However, a complete set of the mechanical properties of the fully hydrogenated single-wall CNT is unavailable, especially for the ultra-thin (3,0) CNT.
Thus, we adopt the sound velocity for the single-wall carbon nanotube [49] , i.e., This appears to be in good agreement with the results presented in Figure 5b . We should note that such estimation is very primitive and has relatively large fluctuations due to the involved uncertainties (related to the adopted mechanical properties and DOS). However, this initial estimation and the consistent uniform scaling behavior of the thermal conductivity suggest that the existence of the SW transformations endows the DNT with a superlattice thermal transport characteristic.
Figure 6
The estimated phonon coherence length as a function of the number of polybenzene rings for the DNT with a length around 42 nm.
Length dependence
The discussions above reveal that DNTs possess a superlattice characteristic that is different from CNT. Further studies were then dedicated to investigate the dependency of their thermal conductivity on DNT length. Two groups of DNTs were simulated, with one group as comprised by DNT-8 (lower than the coherence length) and another as comprised by DNT-23 (greater than the coherence length). Similar to the observations on the ultra-thin CNTs, [37] the thermal conductivities of both groups exhibit a strong length dependence. According to Figure 7a , the thermal conductivity increases evidently with the increase of length.
Moreover, according to Schelling et al [50] , when the simulation cell size L is not significantly longer than the phonon mean-free path (MFP), the thermal conductivity will be limited by the system size due to scattering at the interfaces with the heat source and sink. In such circumstances, the thermal conductivity can be approximated
, according to the thermal conductivity in kinetic theory [51] . Here κ and κ ∞ are the size dependent and converged (when sample size is large enough) thermal conductivity, respectively. L is the sample length, and λ is the MFP.
Such heuristic relationships indicate that the inverse of thermal conductivity is proportional to the inverse of the simulation cell length, and its intercept at the origin should be equal to the inverse of thermal conductivity of an infinitely large system.
This linear scaling behavior of thermal conductivity has been commonly found in 1D
nanostructures [51] [52] [53] [54] , 2D nanoribbons [55, 56] , and bulk materials [50] . As illustrated in Figure 7b 
Temperature dependence
Finally, we assessed the thermal conductivity of DNTs at different temperatures. τ and u τ represent the relaxation-time parameters for boundary scattering and three-phonon umklapp scattering process, respectively. As the temperature increases, the higher-energy phonons are thermally populated which will enhance the role of umklapp scattering in determining κ (i.e., u τ will dominate the overall phonon relaxation time τ ). In
Eucken's law, it states that the scattering rate of the Umklapp process at high temperature is proportional to temperature [59, 60] . As the specific heat is almost temperature independent, thus for homogeneous materials, their thermal conductivities drop steadily with the increasing temperature, and at high temperature, they obey a power-law dependence with an exponent of −1. However, in DNT, the additional phonon scattering at SW transformation weakens the role of umklapp scattering, supresses the temperature dependence. Therefore, the deviation from 
Conclusions
In summary, we have studied the thermal conductivities of a novel ultra-thin onedimensional carbon nanomaterial, namely, diamond nanothread (DNT), based on the non-equilibrium molecular dynamics simulations. Distinct from single-wall CNT, the DNT exhibits a relatively low and a strong length dependent thermal conductivity.
Due to the existence of the Stone-Wales transformations, DNTs exhibit a superlattice thermal transport characteristic. That is the thermal conductivity shows a uniformly decreasing and then increasing profile with respect to the number of poly-benzene rings. Such phenomenon is supposed as resulted from the transition from wavedominated to particle-dominated transport region. These findings have suggested a highly designable thermal transport property of DNT that is suitable for the thermal connection applications. As a thermal connection, in addition to a high absolute value of thermal conductivity, it is also expected to have a highly tunable thermal conductivity in order to match the working devices by certain selection rules. Further studies show that the thermal conductivity of DNT decreases continuously with increasing temperature.
